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Abstract: The manufacturing industry has grown increasingly computerized and complex. Such
changes are brought about mainly by adopting Industry 4.0 (I4) technologies. I4.0 promises a future
of mass-producing highly individualized goods via responsive, autonomous, and cost-effective man-
ufacturing operations. Adopting I4.0 technologies significantly improves a company’s productivity,
efficiency, effectiveness, innovation, sustainable management, and sustainability. As is well known,
implementing I4.0 technologies results in smart and sustainable manufacturing outputs. Despite
their significance, I4.0 technologies have received less attention in the literature, and their influence
on MSOs is unknown. This study analyzes the factors influencing manufacturing strategy outputs
(MSOs), adopting I4.0 technologies using the fuzzy DEMATEL method. This research utilizes the
fuzzy DEMATEL method to address the vagueness and uncertainties inherent in human judgments.
Furthermore, this method is utilized to determine the cause-and-effect relationship and analyze the
interdependence of factors. It explores the interrelationships among MSO factors from the perspec-
tives of academic and industry experts. Identifying cause-and-effect aspects boosts the market’s
competitiveness and prioritizes them. The results demonstrated that cost, quality, and performance
are the most influential factors on MSOs.

Keywords: sustainable manufacturing outputs; manufacturing strategies; Industry 4.0; smart
manufacturing; fuzzy DEMATEL method

1. Introduction

Manufacturing is currently transitioning from mass production to customization.
Technological advancements have led to paradigm shifts known as industrial revolutions
throughout history. Water and steam-powered mechanical manufacturing facilities were
introduced during the First Industrial Revolution. The separation of labor and mass pro-
duction was introduced with electricity (the Second Industrial Revolution). Developing
electronic and information technology systems and manufacturing automation character-
ized third industrial revolution. The fourth industrial revolution is characterized by the
growth of the Internet of Things (IoT) [1,2]. Over the last 200 years of human history, the
rate at which operations have been revolutionized has increased. With each industrial
revolution, the complexity and productivity of production has increased.

Different manufacturing techniques have evolved to simplify life, especially tech-
nology that allows for precision, customization, and rapid production. Consumers are
increasingly demanding customized products over traditional standardized products. To
satisfy customers’ diverse and highly customized product requirements, manufacturing
companies have made huge investments in enhancing their manufacturing systems’ flexi-
bility, intelligence, and responsiveness. Modern manufacturing systems are characterized
by their intelligence [3], interactivity [4], interconnected nature, and ecological sustain-
ability, among other characteristics. Consequently, a new industrial revolution termed
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“I4.0” is gathering traction, with the promise of mass customization at low mass-production
costs [5].

I4.0 is a paradigm-shifting wave that enables companies to respond quickly and effi-
ciently to customer demands. I4.0 came to public attention in 2011 when academics and
practitioners launched a venture called “I4.0,” intending to increase the competitiveness of
the manufacturing industry [6]. It began efficiently meeting customer requirements; design-
ers refer to this idea as the “flexible integration of the global value chain” [7,8]. I4.0 promotes
industrial flexibility and product customization via automation and data sharing in various
contexts, hence aiding in the digitalization of manufacturing [9]. According to the research
conducted thus far, the I4.0 technologies are illustrated in Figure 1 [10–14]. I4.0 and MSOs
must be appropriately aligned to improve overall production and performance.
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Figure 1. Sustainable manufacturing outputs.

Manufacturing strategies (MSs) are long-term plans for utilizing manufacturing sys-
tem resources to achieve organizational goals [15]. The MS is a strategy established to
obtain optimal outcomes while maintaining an appropriate balance between different
desired outcomes. Implementing an MS entails aligning manufacturing goals with business
objectives to boost the manufacturing output [15]. Top management should ensure that all
manufacturing policies are designed with, or support, the corporate strategy [16]. Manufac-
turing has become a critical competitive differentiator that establishes a company’s identity
in the market [17]. I4.0 is a modern industrial system driven by information technology (IT)
and by the aim of attaining a sustainable society. I4.0 has delivered new production tech-
nologies that maximize output and resource use. To acquire a holistic idea, the appropriate
I4.0 technologies and principles, the production systems, i.e., the raw materials, energy,
and information needed to turn inputs into outputs to obtain intelligent and sustainable
products, are required, as shown in Figure 1.

MSOs are also known as competing priorities. This refers to the different dimensions
or outputs of a firm’s production system needed to meet the demands of the markets they
wish to compete in [17–19]. MSOs relate to a company’s capability to compete in global
markets by offering customers superior products and services [20,21]. These outputs lead to
environmental sustainability and protection. Cost, delivery, flexibility, lead time/delivery,
and quality are all factors that affect a competitive advantage [16]. As a result, manufac-
turing has recently gained popularity in terms of enhancing a company’s competitiveness
through the effective management of long-term strategic decisions. Manufacturing has
evolved into a strategic differentiator for businesses [22]. Manufacturing strategies are
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implemented systematically, beginning with strategy formulation and ending with the
company’s performance [23]. Figure 1 displays the sustainable and smart MSOs based on
previous studies [24–27].

Due to advancements in processing power, machine intelligence, sensor miniaturiza-
tion, and data storage and transmission, intelligent machines and products are now feasible.
MSOs must be data-driven and instantaneous in order to respond quickly to changing
consumer demands. Therefore, I4.0 responds quickly to customer needs while also being in-
credibly efficient [7,8]. The total manufacturing performance can be improved by properly
aligning I4.0 technologies and long-term strategic goals in all of these areas [28]. Several
firms have already implemented I4.0, including BMW, Jaguar Land Rover, Rolls-Royce,
General Electric, and Philips. Nestlé has been heavily active in Germany’s I4.0 initiative to
improve efficiency, minimize the environmental impact of packaging waste, and increase
production via digitalization [29]. Hosseini, S. M. and Peer, A. [30] identifyedidentified the
opportunities of automated decision-making in wood processing by implementing I4.0 tech-
nologies such as, including automation. I4.0 implementation must be transdisciplinary and
deeply interconnected across various essential disciplines.

Several studies have clarified the importance of applying I4.0 techniques to MSOs.
Italy has incorporated I4.0 technologies (Big data analytics, Digital supply chain, Internet
of things (IoT), Cloud Computing, Robotics, 3D printing, and Automated Guided) in
order to boost cost, performance, and innovation [31]. May and Kiritsis [32] utilized
Industry 4.0 technologies to eliminate errors in production lines, thus increasing efficiency,
profitability, product quality, customer happiness, competitiveness, and sustainability.
Tortorella and Fettermann [33] utilized I4.0 technologies, such as 3D printing, virtual
model simulation/analysis, BD, cloud service, IoT, and so on, to improve MSO quality
and performance. Ghobakhloo [11] provides an alternative framework that academics
and practitioners can use to construct a complete strategic plan. This will provide a
smooth transition from conventional production to I4.0, resulting in an enhanced overall
performance. Ghobakhloo and Fathi [34] described the I4.0 technologies used to build
lean-digitized production processes that increase sustainable competitiveness. Mittal
Sameer et al. [35] presented the development of an I4.0 maturity model for small and
medium-sized businesses (SMEs) that more accurately reflects the reality of industrial
implementation challenges. Nouinou Hajar et al. [36] identified the views that can guide
future research into how digital technologies and I4.0 affect decision-making.

As manufacturing becomes more complex, manufacturers are increasingly inter-
ested in effective decision-making. Multiple Criteria Decision Making (MCDM) is a well-
known and commonly utilized methodology for analyzing multiple conflicting criteria [37].
MCDM is a decision-making technique that is widely used in industrial organizations. The
quality of decisions can be enhanced through MCDM methods by making the decision-
making process more rational and practical [38]. DEMATEL is used to establish a causal
relationship between dependent variables. This method makes it easier for researchers to
build a model to assess how complex components interact [39]. Their relative rankings
demonstrate the strength of the relationships between these factors. Along with identifying
the interdependencies between factors, the DEMATEL can also determine their relative
relationships and solve complex problems [40].

An organization’s productivity, efficiency, effectiveness, innovation, sustainable man-
agement, and sustainable manufacturing outputs are all greatly improved by adopting
I4.0 technologies. Sustainable manufacturing incorporates practices at all production levels,
including product, process, and system. It is expanded to include additional R’s, including
reducing, reusing, recovering, recycling, redesigning, repurposing, remanufacturing, and
refurbishing. Organizations that go green or reduce their environmental impact become
more competitive, save money, set themselves apart from the competition, and are better
prepared for future regulations due to the trend toward sustainability in smart manu-
facturing. As customers, employees, and business partners become more aware of the
manufacturing industry, it becomes increasingly important for manufacturers to implement
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sustainable practices. Productivity increases typically result in lower production costs,
more profits, and enhanced market competitiveness, all of which contribute to lower prices
and greater sustainability [41–43]. Processes utilizing 4.0 technologies enable organizations
to achieve sustainable outcomes. Sustainability related to I4.0 terminology provides a
practical starting point for companies worldwide to improve the efficiency of their produc-
tion processes and products, thereby contributing to sustainable development and green
growth [44].

DEMATEL discovers realistic solutions, specific difficulties, and, most crucially, com-
plex problem clusters [45,46]. Human judgments regarding the interactions between com-
ponents are often replaced with precise numbers when DEMATEL is utilized. Therefore,
accurate values are often inadequate in the real world [47]. In order to account for the reality
that people’s opinions are often ambiguous and impossible to quantify quantitatively, the
use of fuzzy logic terms is essential. This research uses fuzzy set theory and the DEMATEL
approach to tackle the problems of ambiguity and knowledge loss in human judgment [48].
In addition, the main benefit of fuzzy DEMATEL is that it can handle ambiguity and
uncertainty [49].

This method transforms interdependency interactions into a group of cause-and-effect
relationships using matrices, and identifies the critical aspects of a complex structure
system using an impact relation diagram. The DEMATEL can confirm interdependence
among elements, assist in developing a map that reflects their relative relationships, and
can be used to investigate and solve complex and interconnected problems. The DEMATEL
has been expanded due to its benefits and ability to improve decision-making in various
situations, since many real-world systems contain imperfect and ambiguous information.
Previous research indicates that all MCDM methods have certain advantages and disad-
vantages. However, the DEMATEL methodology is more widely used for the following
reasons [50–55]:

� It visualizes system interconnectedness with causal diagrams.
� Defines the critical influences on the phenomenon within the complex structure.
� It requires fewer sample data and has greater flexibility in pattern recognition.
� It is confident in its ability to provide potential outcomes with the lowest quantity

of data.
� Unlike other methods, such as interpretive structural modeling (ISM), it permits

extensive diversity in the relationships between factors.
� Compared with AHP, DEMATEL provides many directional relationships, whereas

AHP has only a unidirectional relationship and multiple independent matrices that
require integration.

Due to the limited and planned resources, including static routing, the lack of link-
age, autonomous control, and isolated information, the traditional production system is
insufficient to maintain the company’s competitiveness. Moreover, today’s market com-
petitiveness is rapidly evolving due to globalization and other sociological, technological,
and economic variables. As a result of globalization, firms must now struggle with a more
complicated and competitive marketplace, an unpredictable and riskier trading market,
and shifting consumer expectations. Organizations must prioritize the implementation
of I4.0 technologies in order to be competitive on the market. The deep integration of
digitalization and the overall economy has become a critical strategy for boosting the
competitiveness and high-quality growth of the manufacturing production mode [56,57].
Furthermore, it is worth mentioning that the previously reported studies regarding the
factors that influence MSOs in adopting I4.0 technologies are merely consider one or two
output factors. The DEMATEL methodology has not been applied in prior articles to
analyze the impact of I4.0 technologies on MSOs.

This research investigates the factors that influence MSOs’ adoption of I4.0 technolo-
gies. The proposed model used the MCDM approach to determine the interrelationships
between factors. This study employs DEMATEL to identify the underlying causes and
effects of MSOs. Utilizing expert opinion, the interrelationships between these root causes
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are proposed. The fuzzy DEMATEL approach considers the uncertainty in expert opinions
to determine which enhancements should be prioritized. Expertise and interconnections
amongst MSOs allow for developing an optimal strategic road plan. The novelty of the
proposed strategic road map is that it enables the managers to use it per the manufacturer’s
goal and objective. According to the literature review and expert opinions, the research
defines and classifies the MSOs concerning I4.0 technologies. The proposed approach
analyzed the root cause–effect of factors influencing the MSOs adopting I4.0 technologies,
which helps managers make better decisions and improve market competitiveness. This
method also allows researchers and manufacturers to understand how MSOs are prioritized
by explaining the system’s structure and determining the most critical factors.

The structure of this research is as follows: The theoretical background is discussed in
Section 2. The third section discusses the methods used to pick experts, collect data, and
identify factors influencing MSOs adopting I4.0 technologies. The results and discussion
are included in Section 4. In Section 5, implications are discussed. The conclusions and
suggested further study are presented in Section 6.

2. Theoretical Background

MSOs are manufacturing strategies that maximize productivity while balancing sev-
eral potential sources of success, all to implement the manufacturing strategy of any
organization. MSOs were developed based on a comprehensive review of the relevant
literature and consultation with academic and industry practitioners. As reported by previ-
ous studies, the outputs of MSOs are illustrated in Figure 2 [13]. Thus, this article aims to
identify the factors influencing MSOs’ adoption of I4.0 technologies. MSOs are described
as follows:

� Cost (C): Offer competitive pricing with low overall costs. The objective of a cost
strategy is to gain a competitive edge by reducing the expenses of service, sales,
and marketing. Organizations can achieve a competitive edge on a broad basis by
implementing effective and appropriate technologies for reducing the cost of human
resources and minimizing costs through using less expensive raw materials, mass
production, and distribution [58].

� Quality (Q): Maintaining customer satisfaction while establishing rigorous quality
control, supervision, and standards [59,60]. Quality is a crucial strategy in a company’s
struggle to differentiate itself from competitors. The essence of quality is that it adds
value to the customer’s experience, and benefit is one of the factors that contributes to
competitive advantage [61]. Consequently, in today’s competitive market, quality has
become a crucial metric [62].

� Delivery (D): The time needed to collect and deliver a customer’s order. In addition,
it can give reduce lead times throughout the supply chain, including transportation,
production, and design [63]. On-time deliveries result in satisfied customers. Re-
ceiving their goods on time will please them. Some goods have an expiration date,
so delivery deadlines may be strict. On-time or speed deliveries have a significant
competitive advantage [64].

� Flexibility (F): The ability to quickly respond to customer demands by personalizing
goods and services, and increasing or decreasing product numbers [60,63]. Flexibility
refers to a manufacturing system’s ability to adapt cost-effectively and rapidly to
changing production requirements and needs. This capability is becoming increas-
ingly critical for designing and operating manufacturing systems in highly variable
and unpredictable environments.

� Performance (P): The characteristics of a product that enable it to perform tasks that
other goods cannot [60,65]. The manufacturing performance of a company is defined
by its capacity to convert production or manufacturing expenditures into volume and
performance. Competitiveness is a result of superior manufacturing performance [45].

� Innovativeness (I): The ability to introduce or modify new products [60]. Innova-
tion is the application of knowledge, creativity, and initiative to obtain higher or
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different values from resources, encompassing the processes that develop and con-
vert new ideas into valuable goods. Innovation occurs regularly in business when a
company’s thoughts are applied to satisfy further its customers’ requirements and
expectations [66].

According to the reported studies [10–14], the I4.0 technologies are illustrated in
Figure 2. I4.0 technologies are described as follows:

� Internet of things (loT): The Internet of Things enables physical objects to communicate
with each other, share data, and coordinate decisions [66,67]. It forms a network of
Things to Things and humans to humans. The IoT uses, within manufacturing systems,
a reduction in the product recall size, the early discovery of defective items, design
modifications, and the improvement of product performance.

� Cloud manufacturing (CM): A paradigm of conducting business based on sharing
cloud-based manufacturing resources and capabilities. The cloud-based software,
web-based management dashboard, and cloud-based collaboration that make up
cloud manufacturing make it ideal for modern manufacturers. Distributed manu-
facturing resources can be combined to create a scalable platform, even if they are
located at different locations. [68].

� Big Data and Analytics (BD): It is defined as massive collections of heterogeneous
data, arriving from a variety of sources, in a variety of formats, and moving in
real-time [69]. This technology and system show how businesses can profit from
discovering, processing, and analyzing massive volumes of diverse data to obtain an
economic advantage [70].

� Automation and industrial robotics (AIR): AIR is undoubtedly on the rise, particularly
in industry and, increasingly, in everyday life [11]. Manufacturing processes and
services in fast-expanding sectors (such as electronics, food, logistics, and the life
sciences) will necessitate using cutting-edge robot technology (gluing, coating, laser-
based processes, precision assembly, and fiber material processing).

� Additive manufacturing (AM): AM is the process of joining materials to create objects
from three-dimensional (3D) model data, typically layer by layer [71–74]. It lowers
waste and simplifies production processes, mass customization, and on-demand
production. In addition, it improves supply chain flexibility by manufacturing near
the end-user.

� Augmented reality (AR): AR is an up-and-coming technique for visualizing computer
visuals in real-world settings [75]. Augmented reality improves human performance
by providing the knowledge needed for a specific task [76]. Workers’ productivity,
efficiency, and safety can all be enhanced with the use of industrial augmented reality
(AR), which uses specialized goggles, glasses, or smartphone apps to superimpose
digital information on top of the plant worker’s real-world view.

� Modeling and simulation (MS): Modeling and simulation technologies aim to sim-
plify the design, implementation, testing, and real-time control of a manufacturing
system [77]. Modeling and simulation benefits are minimizing costs, reducing devel-
opment time, and improving product quality.

� Cyber-Physical Systems (CPSs): CPSs are “systems of cooperating computational
entities closely connected to the real world and its activities, supplying and consum-
ing internet-based data-access and data-processing services” [78]. The distributed
manufacturing systems that CPSs enable offer several beneficial attributes, including
increased effectiveness and greater manufacturing flexibility [79].

� Cybersecurity (CS): With the addition of cyber, CS becomes a novel paradigm for
highly secure information systems applicable across the entire IoT ecosystem in
manufacturing. The term “cybersecurity” (CS) refers to the collection of tools used to
prevent, detect, and recover from cyber-attacks [79]. CS technology can be used to
detect threats and keep data safe.

� Block-chain (BC): BC is a technology that facilitates a transparent and decentralized
financial transaction platform for a given industry. BC technology’s characteristics are
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its stability, modifiability, transparency, and process integrity [80]. BC technology can
be used to transfer any digital knowledge. Design, manufacturing, banking, supply
chain, and social applications are just some of the many that have embraced BC [80].
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Figure 2. The influencing factors of MSOs in the adoption of I4.0 technologies.

3. Research Methodology

Research in this study followed a similar methodology to [81]. This analysis was
conducted by experts with extensive background knowledge. Experts have at least ten
years of experience in academia, industry, or both, as recommended by [82]. The tar-
get respondents are CEOs, general managers, department heads, specialized engineers,
academics, and professional experts of experience in manufacturing strategies related to
industrial organizations, emphasizing MSOs. Experts in the field should know a great
deal about different manufacturing systems. A working understanding of I4.0 technolo-
gies, gained via experience or study, is also recommended for experts [82]. Most of the
manufacturing industry professionals consulted for this study were employed in positions
related to I4.0 technologies. They manage marketing or production and operations, so they
know what works in the manufacturing industry. Due to these specialists’ production or
consulting experience, the questionnaire data are reliable. Academic experts were chosen
from academics and Doctorates who have published publications on MS and I4.0. The
selected academic experts are highly influential. To explain the research, experts were inter-
viewed in person and online. In the study, 30 experts matched the criterion. Twenty experts
responded to the email describing the study’s goals and verifying their participation. Only
16 experts completed the surveys. This research determines the factors influencing MSOs
to adopt I 4.0 technologies, as shown in Figure 2.

The fuzzy DEMATEL method involves the collection of indicators implying the degree
of influence and cause–effect relationship for each factor, as well as the creation of a
causality map. To better solve problems, this method develops a causal diagram based
on the relationships between factors, determines the center degree and cause degree of
each factor, categorizes them (cause group or effect group), and finally selects the most
important factors [83]. Figure 3 shows the general steps of the fuzzy DEMATEL approach.
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impact of different factors.
� Creating a semantic assessment form that classifies factors into five categories (Table 1).
� Initializing a direct impact matrix. Inviting experts to assess the factor’s direct relation-

ship based on the semantic assessment table and constructing a direct effect matrix.
� To deal with ambiguous human assessments, developing a fuzzy linguistic scale

and transforming step 3′s direct impact into fuzzy triangular numbers, as shown
in Table 1.

Table 1. The fuzzy scale [48].

Linguistic Terms Symbol Corresponding Triangular Fuzzy Numbers (TFNs)

No influence NO (0, 0.1, 0.3)
Very low influence VL (0.1, 0.3, 0.5)

Low influence L (0.3, 0.5, 0.7)
High influence H (0.5, 0.7, 0.9)

Very high influence VH (0.7, 0.9, 1)

� To generate the fuzzy direct-relation matrix ZK, where k is the number of experts,
have the evaluators build fuzzy pairwise impact relationships between components
in a n x n matrix. As can be seen in Figure 4, the triangular fuzzy number consists of a
triple, with l representing the most pessimistic estimate and r representing the most
optimistic estimate. The formula displays the membership function of a triangular
fuzzy number (2). As can be seen in Figure 5, the membership function and fuzzy
ratings are as follows:
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Zk =

C1
C2
...
Cn


[0, 0, 0] xk

12
xk

21 [0, 0, 0]
. . .
. . .

xk
1n

xk
2n

...
...

...
...

xk
n1 xk

n2 · · · [0, 0, 0]

 (1)

µN (x)=


0, x < l

x−l
m−l , l ≤ x ≤ m
r−x
l−m , m ≤ x ≤ r

0, x > r

(2)

In the fuzzy triangular symbol, l stands for the left score, r for the right score, and m
for the middle.
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� To achieve an overall score, the CSCF (converting fuzzy data to crisp score) approach
is applied, which involves defuzzifying the fuzzy numbers and then calculating the
weighted average of the left and right scores of the membership function. The strategy
provides researchers with accurate data [86,87]. For a given fuzzy number range, the
CFCS technique is used to calculate its ranges. A weighted average of the membership
functions is used to determine the final score. A new direct effect starting matrix is
generated for each population score. These are the steps, as follows:

Normalize the fuzzy triangular numbers:

xlk
ij =

lk
ij −minlk

ij

∆max
min

(3)

xmk
ij =

mk
ij −minlk

ij

∆max
min

(4)
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xrk
ij =

rk
ij −minlk

ij

∆max
min

, (5)

∆max
min = maxrk

ij −minlk
ij (6)

Calculate the normalized values for the left score (ls) and right score (rs):

xlsk
ij =

xmk
ij(

1 + xmk
ij − xlk

ij
) , (7)

xrsk
ij =

xrk
ij(

1 + xrk
ij − xmk

ij
) (8)

Calculate the crisp values:

xk
ij =

xlsk
ij ∗
(

1− xlsk
ij

)
+ xrsk

ij ∗ xrsk
ij(

1− xlk
ij + xrsk

ij
) (9)

Calculate the expert k’s total crisp normalized values:

zk
ij = minlk

ij + xk
ij∗∆max

min (10)

Construct the direct relationship matrix by aggregating all experts’ normalized crisp values:

zij =
Z1

ij + Z2
ij + . . . + Zn

ij

n
(11)

The initial direct influence matrix is utilized to build a standardized direct influence
matrix X =

[
xij
]

n∗n, and 0 ≤ xij ≤ 1.

X = s ∗ Z, (12)

s =
1

max
1≤i≤n

∑m
j=n zij

, i, j = 1, 2, . . . , n (13)

Calculate the influence matrix T =
[
tij
]

n∗n. The element tij indicates the indirect
influence relationship of factors i and j. The influence matrix T represents the overall
relationship between elements in terms of their impact. The matrix is calculated as follows:

T = lim
m→∞

(
X1+X2+X3. . . Xm

)
= X∗(1− X)−1 (14)

Determine each factor’s influence, affect, center, and cause. Impact Di shows the
cumulative influence of MSOs.

The influence degree : Di = ∑n
j=1 tij (15)

The affected degree Rj indicates the extent to which the other factors influence each
factor in MSOs.

The affected degree : Rj = ∑n
i=1 tij (16)

The center degree is Rj + Di, which indicates the importance of factors in MSOs.

The center degree =
{

Rj + Di
∣∣i = j

}
(17)

The cause degree is as follows:
When Rj + Di is positive, the factor belongs to the cause group.
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When Rj − Di is negative, the factor belongs to the effect group.

The center degree =
{

Rj + Di
∣∣i = j

}
, (18)

A cause-and-effect relationship diagram is created: The cause-and-effect relationship
diagram is completed by representing the datasets Rj + Di and Rj − Di.

4. Results

Defining the decision objective by compiling relevant data and defining the goals for
further developing the six MSOs criteria to examine the interrelationships of the criteria
under the conditions of uncertainty was performed as the first step. The six criteria,
including (C), (Q), (D), (F), (P), and (I), was evaluated. The relevance of each criterion was
also calculated using the fuzzy DEMATEL method. This method used a survey format to
demonstrate the interdependence of factors through FDEMATEL pairwise comparisons.
The question “How much influence does each left-hand factor have on the right-hand
factor?” was addressed for each option. In this instance, survey respondents utilized
the five-point scale listed in Table 1 to respond. This method was also repeated until all
comparisons had been made.

Then, Equations (1)–(3) were used to figure out the pairwise fuzzy judgments. Table 2
shows an example of a fuzzy direct-influence matrix. The normalized fuzzy direct-relation
matrix derived from Equations (3)–(6) is presented in Table 3. Then, the linguistic data was
transformed to a fuzzy linguistic scale to obtain the DEMATEL initial direct relation matrix,
as shown in Table 4. The initial direct relation matrix was utilized to determine the crisp
value of the MSOs criterion based on the fuzzy evaluation. Finally, the average influence
matrix of all the experts on factors affecting MSOs was determined, as shown in Table 5.
Based on the averaged normalized fuzzy direct-relation matrix, Figure 6 illustrates the
interdependence and connections between MSOs. Figure 6 shows that cost has the most
significant influence on quality, followed by innovativeness and performance. Cost has a
moderate to low impact on other factors. In addition, Figure 6 illustrates the remaining
interdependencies and associations. The causal diagram is shown in Figure 7. The six
outputs can be separated into cause-and-effect groups. The evaluation factors’ performance
(P), flexibility (F), and innovativeness (I) are divided into the cause criteria group, which
should be focused on investing. In contrast, the effect criteria group includes cost (C),
quality (Q), and delivery (D).

Table 2. The fuzzy triangular numbers.

F C Q D F P I

C 0.00 0.00 0.00 0.70 0.90 1.00 0.30 0.50 0.70 0.10 0.30 0.50 0.50 0.70 0.90 0.50 0.70 0.90
Q 0.50 0.70 0.90 0.00 0.00 0.00 0.00 0.10 0.30 0.10 0.30 0.50 0.10 0.30 0.50 0.00 0.10 0.30
D 0.10 0.30 0.50 0.00 0.10 0.30 0.00 0.00 0.00 0.00 0.10 0.30 0.00 0.10 0.30 0.00 0.10 0.30
F 0.50 0.70 0.90 0.50 0.70 0.90 0.50 0.70 0.90 0.00 0.00 0.00 0.30 0.50 0.70 0.50 0.70 0.90
P 0.30 0.50 0.70 0.10 0.30 0.50 0.00 0.10 0.30 0.10 0.30 0.50 0.00 0.00 0.00 0.30 0.50 0.70
I 0.50 0.70 0.90 0.10 0.30 0.50 0.00 0.10 0.30 0.10 0.30 0.50 0.70 0.90 1.00 0.00 0.00 0.00

Table 3. Normalized fuzzy direct-relation matrix.

F C Q D F P I

C 0.00 0.00 0.00 0.70 0.90 1.00 0.33 0.56 0.78 0.20 0.60 1.00 0.50 0.70 0.90 0.56 0.78 1.00
Q 0.56 0.78 1.00 0.00 0.00 0.00 0.00 0.11 0.33 0.20 0.60 1.00 0.10 0.30 0.50 0.00 0.11 0.33
D 0.11 0.33 0.56 0.00 0.10 0.30 0.00 0.00 0.00 0.00 0.20 0.60 0.00 0.10 0.30 0.00 0.11 0.33
F 0.56 0.78 1.00 0.50 0.70 0.90 0.56 0.78 1.00 0.00 0.00 0.00 0.30 0.50 0.70 0.56 0.78 1.00
P 0.33 0.56 0.78 0.10 0.30 0.50 0.00 0.11 0.33 0.20 0.60 1.00 0.00 0.00 0.00 0.33 0.56 0.78
I 0.56 0.78 1.00 0.10 0.30 0.50 0.00 0.11 0.33 0.20 0.60 1.00 0.70 0.90 1.00 0.00 0.00 0.00
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Table 4. The initial direct influence matrix after the fuzzy triangulation is performed.

F C Q D F P I

C 0.00 0.87 0.50 0.29 0.69 0.69
Q 0.69 0.00 0.13 0.29 0.31 0.13
D 0.31 0.13 0.00 0.13 0.13 0.13
F 0.69 0.69 0.69 0.00 0.50 0.69
P 0.50 0.31 0.13 0.29 0.00 0.50
I 0.69 0.31 0.13 0.29 0.87 0.00

Table 5. Average expert influence matrix on MSOs.

F C Q D F P I

C 0.00 0.72 0.54 0.54 0.63 0.67
Q 0.72 0.00 0.42 0.47 0.72 0.45
D 0.51 0.40 0.00 0.40 0.33 0.33
F 0.59 0.56 0.53 0.00 0.63 0.61
P 0.67 0.72 0.42 0.57 0.00 0.57
I 0.64 0.51 0.38 0.63 0.57 0.00
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5. Implications

The following section discusses the theoretical implications of the factors influencing
MSOs’ adoption of I4.0 technologies and the managerial implications of improving MSOs
within organizations through the adoption of I4.0 technologies.

5.1. Theoretical Implications

MSOs are essential to motivating the entire organization to gain a competitive ad-
vantage. This paper answers the continuing argument by demonstrating how MSOs can
benefit from the adoption of I4.0 technologies. To compete globally, I4.0 is being used as
an advanced manufacturing technology. It refers to developing technologies and market
needs for shorter lead times and the increasing individualization of products.

The literature reveals that decreasing manufacturing costs is one of the most critical
factors in achieving market competitiveness [88]. This research demonstrates that cost is
the most influential factor for MSOs. A competitive advantage can be obtained if the orga-
nization can develop cost leadership while considering other factors [89]. Organizations
can achieve a broad competitive advantage by using effective and appropriate technologies
to reduce the cost of human resources and limit expenses through using less expensive raw
materials, mass production, and distribution.

I4.0 technologies raise productivity, customer satisfaction, and market competitiveness
by boosting product quality and service delivery [90]. According to the findings of this
study, quality is the second crucial factor in MSOs in order to achieve market competitive-
ness. To gain a competitive advantage, incorporating a higher level of service quality has
become a strategic requirement for businesses and senior management worldwide. As a
result, quality has evolved as a crucial measure of success in today’s competitive market.
As a result, Table 6 shows that other enablers appear to be moderately important to MSOs
in adopting I4 technologies.

Understanding the most common critical MSOs requires the rigorous consideration of
their causes. However, effect factors are relatively easily influenced by other factors. Flexi-
bility is the greatest cause factor that must be considered in order to keep the organization
competitive with others. Flexibility in production increases production efficiency. Flexibility
enables a degree of adaptability, making it able to respond to predictable and unpredicted
market changes. According to the cause–effect relation diagram in Figure 7, cost was the
highest affected factor among all the effect groups. Due to the limited and predetermined
resources, including static routing, a lack of interconnection, independent control, and
isolated data, a traditional production system cannot maintain the organization’s competi-
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tiveness. Consequently, shifting from conventional to intelligent manufacturing will mean
that these firms can maintain competitiveness.

Table 6. The affected degree (Rj), influence degree (Di), centrality (Rj + Di) and cause–effect degree(
Rj − Di

)
for each factor.

Factor Rj Di Rj + Di Rj − Di Category

C 9.18 (1) 9.27 (1) 18.45 (1) −0.09 (4) Net effect
Q 8.47 (4) 8.76 (2) 17.23 (3) −0.30 (5) Net effect
D 6.19 (6) 7.09 (6) 13.27 (6) −0.90 (6) Net effect
F 8.71 (3) 7.93 (5) 16.64 (4) 0.78 (1) Net cause
P 8.90 (2) 8.68 (3) 17.58 (2) 0.21 (3) Net cause
I 8.37 (5) 8.07 (4) 16.44 (5) 0.30 (2) Net cause

The numbers in brackets indicate the priority or rank of each factor.

5.2. Managerial Implications

Organizations struggle to manage competing priorities and must make the right
decisions while developing their criteria in a competitive market. It is critical to determine
the degree to which a one-criterion practices influences another, and vice versa. As a
result, the DEMATEL method is a practical approach capable of highlighting the most
influential risk factors. The fuzzy DEMATEL method was used to identify the significant
MSOs influenced by the adoption of I4.0 technology. This work proposed to establish a
cause-and-effect model for MSOs’ adoption of I4.0 technologies (Smart manufacturing) by
utilizing the fuzzy DEMATEL.

Among all the factors contributing to market competitiveness, cost is the most influen-
tial factor for MSOs, and the past literature supports this finding [18,88,91–93]. Effectively
managing production costs, including overhead, training, and value-added costs, is evi-
dence of lower costs. A cost-competitive advantage exists when a corporation can maximize
consumer value by leveraging its skilled labor force, inexpensive raw materials, cost man-
agement, and efficient operations. As an industry develops its competitive strategy, cost
advantage is critical. Organizations seek to increase their cost advantage by lowering the
cost of their raw materials and rearranging their manufacturing and distribution processes.
Manufacturing organizations strive to reduce costs by improving their efficiency [94]. Cost
savings refer to the process by which the average cost per unit produced decreases as the
volume increases. By providing cost advantages, well-designed strategic plans enable
businesses to gain a competitive advantage over competitors [95]. Industry 4.0 technology
contributes to cost savings by reducing waste and optimizing resource utilization.

The second critical factor in MSOs’ market competitiveness is quality. It refers to a
company’s ability to meet and exceed the expectations of its customers while maintaining
a high standard of quality control, management, oversight, and inspection [59,96]. Main-
taining a high standard of quality in all aspects of the business enables the business to
build loyal customers, maintain consistent cash flows, and outperform competitors in the
market. Quality in manufacturing becomes critical in establishing an image and sustaining
a competitive advantage, as competitive advantage success is determined by meeting or
exceeding customer expectations [97–99]. Effective quality improvement has evolved into
a highly profitable method of ensuring competitiveness and improving organizational
performance [100].

The third crucial factor that enables MSOs to achieve market competitiveness is perfor-
mance. Performance is a critical output for any organization’s success. Product performance
is measured by how well it accomplishes unique features that others cannot [39]. The proper
performance strategy system can help employees to align, connect, and support one another
to drive company-wide outcomes. Industry 4.0 adoption improves the firm’s economic and
operational performance and business operations [101]. Other enablers, therefore, appear
to be of moderate importance to MSOs when adopting I4 technologies (Table 6).



Sustainability 2023, 15, 3864 15 of 19

Understanding critical MSOs requires focusing on their root causes, which must be
treated with extreme care. For this reason, a cause-and-effect relationship diagram was
built, as shown in Figure 7. Table 6 reveals that flexibility has the highest Rj − Di value
(0.78) among all factors in the cause group. This indicates that flexibility has a more
significant impact on MSOs. Flexibility is the capability to provide customized goods and
services, and increase or decrease the number of existing products to adapt to consumer
needs quickly [60,63]. A company’s ability to respond rapidly to shifting markets is made
possible by manufacturing flexibility.

Flexibility is a crucial factor in a company’s competitive position and should be consid-
ered [102]. In reality, flexible manufacturing is becoming an increasingly essential capability
for organizations looking to stay ahead of the market and provide value-added solutions
to their customers. As a result, flexibility is the most critical MSO. Following that, innova-
tiveness is the second most important causal factor of MSOs adopting I4.0 technologies,
followed by performance. Innovation provides numerous significant benefits to companies
and is frequently critical to outperforming the competition. Innovation in manufacturing
can take many forms, from introducing new technology and alterations to the supply chain,
to product and process enhancements.

Effect factors are the ones that are easily influenced by other factors. However, it is
essential to assess the factors that could have a negative impact on the manufacturing
strategy’s output. According to Figure 7, the cause–effect relationship diagram clearly
shows that cost has the highest Rj + Di value (18.45) among all the effect groups. Among
all factors, it has the highest influenced impact index Di (9.27). As effect factors, quality
and delivery significantly impact manufacturing strategies, as shown in Figure 7.

6. Conclusions

Smart manufacturing has grown and strengthened its position in the global economy.
It employs internet-connected machinery to monitor the manufacturing process, finds
potential for automating activities, and uses data analytics to improve MSOs. However,
based on experts’ perspectives, this study utilized the fuzzy DEMATEL method to analyze
the factors influencing MSOs’ adoption of I4.0 technologies. This method discovers the
root cause and effect factors, and generates a strategy map based on these factors. The
strategy map demonstrates the interdependencies between MSOs, as well as their strengths.
Through well-organized and planned manufacturing strategies, this research aids manufac-
turing firms in considering the root causes and influence of MSOs, emphasizing how the
proper decisions can motivate the company to maintain a competitive advantage. Based on
the experts’ perspectives, the following conclusions have been made:

� Among all the factors contributing to market competitiveness, cost is the most critical
enabler for MSOs, followed by quality and performance.

� According to the root causes of MSOs, flexibility is the most influential factor in
the cause factors group. Other important causes are innovativeness and perfor-
mance, respectively.

� The result indicates that cost greatly influences the affected factors group. Further-
more, quality and delivery have a significant impact on manufacturing strategies.

This paper has several limitations and shortcomings. Firstly, no case study or em-
pirical study has been undertaken to determine how factors influence the adoption of
I4.0 technologies. Therefore, future research should conduct an empirical investigation in
manufacturing areas. Secondly, future studies should conduct more surveys (more experts)
to obtain a greater perspective on the topic. Thirdly, the method needs to be combined with
other MCDM methods, such as BWM or PROMETHEE methods, to help manufacturing
businesses figure out the causes and effects of MSOs to stay ahead of the competition.
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